We report the observation of pronounced, spectrally narrow laser-induced continuum structures ͑LICS͒ in the two ionization continua of xenon. A nanosecond laser pulse with nearly transform-limited bandwidth induces a LICS by coupling the initially unpopulated 5p 5 9p͓1/2͔ 0 state to the continuum. The LICS is probed by one-photon ionization of the 5p 5 6p͓1/2͔ 0 state. This state is populated in an independent excitation step by an additional laser pulse acting prior to the probe and dressing pulses. The two ionization channels that leave the xenon ion in either the 2 P 1/2 or the 2 P 3/2 fine-structure state are detected separately by monitoring the kinetic energy of the photoelectrons in a time-of-flight electron spectrometer. A suppression of the photoelectron signal of up to 80% as compared to the far off resonance value is achieved. The line shapes reveal a Fano parameter close to zero. The LICS is identical for the coupling into the two continua. Therefore the branching ratio into the two ionization channels does not vary with the dressing-laser detuning for the coupling scheme implemented here.
I. INTRODUCTION
Continua of quantum systems have been traditionally considered as sinks. Once the system is excited into such a continuum it decays irreversibly, with a probability that is determined by its structure parameters. This view of continua has been radically revised in recent years. Coherent interactions of laser radiation with quantum systems reveal nonconventional decay characteristics, such as an enhanced or diminished decay rate. In the latter case the continuum does not behave as a sink. Coherence is induced within the continuum and population oscillates through it between bound states. Decay of the system is thus reduced or even prohibited through coherent trapping of the population in the bound part of the spectrum. A ''window'' or ''dark'' resonance appears in the decay spectrum.
Laser-induced continuum structure ͑LICS͒ ͓1,2͔ is one of the most interesting effects associated with the coupling of bound and continuum states by coherent radiation. In LICS a strong laser field ͑the dressing field͒ couples a bound state of an atomic or molecular system, that initially carries no population, to a continuum. In the dressed atom picture the bound state is thus embedded in the continuum. A second laser field ͑the probe field͒ couples another bound state of the system, which initially carries the population, to the same continuum. The decay to the continuum is modified by a quantum interference process between different pathways. Unless otherwise specified decay will refer to ionization in the present work. The ionization rate as a function of the wavelength of one of the laser fields shows a resonance structure that may exhibit a maximum and/or a minimum depending on whether the interference is constructive or destructive at the specific wavelength interval.
The existence of the LICS phenomenon has been predicted in the 70s by Heller and Popov ͓3͔. As the LICS scheme involves two bound states coupled to each other and to the continuum it resembles the process of autoionization, although the type of the couplings differs in the two processes. The first complete theoretical treatment of the process that took into account all the relevant couplings and has shown its equivalence to autoionization was by Bo-nian Dai and Lambropoulos ͓4͔. The first experimental demonstrations of the effect used as probe the polarization rotation of the probing field ͓5͔ or third-harmonic generation ͓6͔. Implementation of the most direct demonstration of the LICS, that is through ionization, took longer due to difficulties posed by other processes that may mask the effect. The first experiment attempting to demonstrate LICS in ionization was in Xe ͓7͔. However, theoretical modeling ͓8͔ of this experiment predicted results that are different than those presented in Ref. ͓7͔ . Later two successful experiments in the smooth ͑unstructured͒ one-electron continuum of Na ͓9͔ have shown slightly asymmetric LICS structures. Improvement in the experiments led to the measurement of high-contrast LICS resonances in alkaline atoms ͓10͔. In all these measurements the observed asymmetry of the LICS line shape was not strongly pronounced. An enhancement of ionization was the predominant feature of the resonances. The most spectacular demonstration of the effect of LICS in a smooth continuum was in He ͓11,12͔, where very pronounced spectrally narrow LICS features exhibiting both ionization maxima and minima have been reported and investigated with respect to various parameters of the two electromagnetic fields. In that work, both bound states of the LICS scheme were excited states. One of those states was initially populated by electron impact in a pulsed supersonic beam of helium, involving an electron-seeded electric discharge ͓13͔. In that work, a reduction of ionization by up to 70% due to coherent population trapping was observed. This is the strongest ionization suppression ever observed in this type of experiments.
Closely related investigations of the LICS in the structured continua of two valence electron systems, that is, in the vicinity of autoionizing states, resulted in further pronounced structures in Ca ͓14͔ and Mg ͓15͔ which were controllable through the field parameters. In the latter case, which consists of a ladder ionization scheme including two strongly coupled autoionizing states, the possibility of stabilization of ionization at increased coupling intensities was demonstrated. Extension of LICS into the ionization continuum of molecules has been recently achieved in the NO molecule ͓16͔.
Brumer and Shapiro taking advantage of the possibility of modifying continua through LICS have suggested an approach based on the LICS, towards control of products of the interaction of laser radiation with matter ͓17͔. The idea behind this approach is that if the decay is in multiple continua the induced structure will be in general different for each continuum, as it depends on the specific properties of it. Thus the branching into the different continua may become strongly wavelength dependent and consequently controllable. In Ref. ͓17͔ dissociative continua have been considered, leading to the control of dissociation branching ratios, which is directly related to the important control of chemical reactions. This suggestion has been experimentally confirmed in Na 2 ͓18͔. The method has further been implemented in multiple electronic continua of atoms by Cavalieri et al. ͓19͔ . In this experimental work the modification of the two spin-orbit ionization continua 2 P 1/2 and 2 P 3/2 of Xe through LICS has been reported, utilizing high-resolution photoelectron spectroscopy. Control of the ionization branching on a 10% order of magnitude has been demonstrated.
In the experiment of Ref. ͓19͔ the probing was done by three-photon excitation to both continua from the ground state of Xe. The use of multiphoton excitation leads to the coupling of multiple angular momentum continua, some of which do not contribute to the quantum interference. Therefore an increased background signal originates from these incoherent channels, and the dynamic range of the induced structure is diminished. Relying on the experience from the very pronounced feature observed in the He experiment ͓11,12͔, LICS in the two ionization continua of Xe is studied in the present work utilizing almost transform-limited laser pulses and the coupling scheme shown in Fig. 1 . The 5 p 5 6p͓1/2͔ 0 and the 5p 5 9p͓1/2͔ 0 atomic Xe states are coupled to the same continua through two laser fields. The 5 p 5 6p͓1/2͔ 0 state is populated from the ground state by a two-photon process. The aim of this study is to explore the possibility of generating pronounced LICS resonances in multiple continua, utilizing improved laser radiation and coupling scheme properties. Provided that pronounced LICS resonances are indeed possible to generate, the work is further aiming at the investigation of the possibility to improve the dynamic range of the control of the ionization branching ratio.
II. COUPLING SCHEME
The two ionization channels in xenon correspond to the two fine-structure states 2 P 1/2 and 2 P 3/2 of the ion core, separated by 1.3 eV in energy ͑see Fig. 1͒ . In the present experiment photoionization into these channels is distinguished by measuring the kinetic energy of the photoelectrons. Moderate energy resolution suffices. In the simplest LICS coupling scheme a bound state ͑state 1͒, which carries the population initially, is coupled to the continuum states by one probe-laser photon. The continuum states are coupled to another, initially unpopulated, state FIG. 1. ͑a͒ LICS coupling scheme in xenon. The 5p 5 6p͓1/2͔ 0 state is excited from the ground state 5p 6 1 S 0 by two photons of 4.96 eV (ϭ250 nm͒. The dressing laser at 606 nm couples the 5p 5 9p͓1/2͔ 0 state to the continuum states. The LICS is probed by one-photon ionization from the 5p 5 6p͓1/2͔ 0 state at 326 nm. The process leading to the formation of LICS ͑with coincident probe and dressing pulses͒ is separated from the excitation process by a suitable time delay. The horizontal arrows indicate the kinetic energies of the photoelectrons in both ionization channels generated by the various laser pulses. ͑b͒ Details of the coupling scheme. Five continuum states are coupled to the bound states by linearly polarized laser fields. A theoretical estimate indicates that the couplings marked by heavy lines dominate the ionization process. The notation is ͓ 2 P j c ͔l j , where j c and j denote the angular momentum quantum numbers of the ion core and the electron, respectively.
͑state 2͒ by one photon of the dressing laser. This configuration avoids the use of radiation at wavelength Ͻ92.3 nm which would be needed to couple the xenon ground state to the continuum with a one-photon process. Nonresonant multiphoton ionization with linearly polarized light would allow the use of longer wavelengths, but leads to the excitation of continuum states with a range of angular momentum quantum numbers l. Not all of these continuum states are coupled to state 2 by the dressing laser via a one-photon process. Therefore the maximum suppression of the ion signal is limited, as previous work has shown ͓19͔. Resonantly enhanced multiphoton ionization via an intermediate state suffers from additional bound-bound couplings between state 1 and the ground state during the LICS process. In addition to the bound-continuum coupling of interest bound-bound transitions may occur. In our experiment ͑see Fig. 1͒ , we separate the excitation and the probe process with an appropriate time delay between the laser pulses. The 5p 5 6p͓1/2͔ 0 state is excited from the ground state 5p 6 1 S 0 by two photons of 4.96 eV (ϭ250 nm). One probe-laser photon of 3.80 eV ( ϭ326 nm) couples the 5p 5 6p͓1/2͔ 0 state to the continuum. One dressing photon of 2.05 eV (ϭ606 nm) couples the 5p 5 9p͓1/2͔ 0 state to the same continuum states. According to the selection rules the continuum states ͓ 2 P 3/2 ͔d 5/2 , ͓ 2 P 3/2 ͔d 3/2 , ͓ 2 P 3/2 ͔s 1/2 , ͓ 2 P 1/2 ͔d 3/2 , and ͓ 2 P 1/2 ͔s 1/2 are excited. Here ͓ 2 P j c ͔l j is the j j coupling notation, where j c and j denote the quantum numbers of the angular momentum of the ion core and the electron, respectively. All of them are coupled to the 5p 5 9p͓1/2͔ 0 state by the dressing laser ͓see Fig. 1͑b͔͒ .
The dynamics of the LICS process is described by the time-dependent Schrödinger equation that includes the atomic Hamiltonian and the interaction with the laser fields. In this formalism ͑described in detail in Refs. ͓2,12͔͒ the wave function of the system is a superposition of bound and continuum states. After adiabatic elimination ͓2͔ of the nonresonant bound and continuum states one obtains the timedependent Schrödinger equation for the amplitudes C i (t) of the bound states 1 and 2. Using the solution of this equation the total ionization probability is calculated.
In the case of multiple continua the branching ratio into different decay channels is of interest. The coupling between bound state i (iϭ1,2 for the 5p 5 6p͓1/2͔ 0 and 5p 5 9 p͓1/2͔ 0 states͒ and continuum state ␣ (␣ϭ1, . . . ,5) is described by complex ionization amplitudes g i j (␣) , where jϭp,d denotes the probe-or dressing-laser field. The respective ionization rates are
Extending the formalism used in Ref. ͓20͔ for two continua to the case of five continua, we derive the probability for exciting a continuum state with the ion in either a 2 P 3/2 or a 2 P 1/2 fine-structure level, corresponding to fast or slow electrons, respectively,
The amplitudes C i of the bound states depend on the detuning of the probe-and dressing-laser frequencies from the two-photon resonance between states 1 and 2. It follows from equations 1 and 2 that the difference in the line shapes of the LICS in the individual channels-and therefore the possible extent of control-is determined by the value of the amplitudes g i j (␣) .
III. EXPERIMENT A. Electron spectrometer
The population of the individual continuum channels is monitored by measuring the kinetic energy of the photoelectrons in a time-of-flight electron spectrometer using a parabolic electrostatic reflector ͓21,22͔. This setup allows the separation of photoelectrons ͑kinetic energy 1.61 eV and 0.30 eV͒ generated by the absorption of one probe-laser photon, by the absorption of two photons from the dressing laser ͑kinetic energy 1.89 eV and 0.58 eV͒ or by the absorption of one photon from the excitation laser ͑kinetic energy 2.77 eV, 1.46 eV͒ ͑see Fig. 1͒ . The intensity of the excitation laser is adjusted to maximize the population in the 5p 5 6p͓1/2͔ 0 state after the interaction with the excitation laser. The twophoton ionization of state 5p 5 6 p͓1/2͔ 0 induced by the strong dressing laser yields a significant contribution to the total ion signal, as it is obvious from the electron spectra.
Xenon atoms are expanded from a stagnation region at room temperature and a pressure of typically 500 mbar through a pulsed nozzle ͑General Valve, opening diameter 0.8 mm͒. The resulting supersonic jet is collimated by a skimmer ͑orifice 0.8 mm͒, 132 mm downstream of the nozzle. The skimmer separates the source chamber from the interaction and detection region. The pulsed beam of xenon atoms is intersected by the lasers at right angle at a distance of 103 mm downstream from the skimmer. The particle density in the interaction region is estimated to be approximately 10 13 atoms/cm 3 . The interaction region is located in the focus of an electrostatic parabolic mirror ͑see Fig. 2͒ formed by two nickelcoated stainless steel meshes separated by 2 mm. The photoelectrons generated in the field-free interaction region are reflected in the electric field between the two meshes ͓21,22͔. After leaving the field-free region they are accelerated and travel along a time-of-flight segment at the end of which they are detected on a micro-sphere-plate ͑El Mul Technologies͒. The signal output of the micro-sphere-plate is amplified by fast broadband amplifiers and processed in boxcar gated integrators ͑EG&G 4121B͒. The energy resolution of the spectrometer is typically 150 meV at E kin ϭ4.4 eV, which is sufficient to resolve photoelectrons from the two ionization continua of xenon. The detection efficiency depends on the voltage between the two parabolic meshes and on the voltage between the meshes forming the acceleration region. The optimum values for these voltages depend on the electron energy. The slow and fast electrons are detected separately with the voltages set to their respective optimum values in order to maximize the detection efficiency. Figures 3͑a͒ and  3͑b͒ show the measured time-of-flight spectra for the fast and slow photoelectrons generated by probe-laser-induced ionization of the 5p 5 6p͓1/2͔ 0 state.
B. Lasers
Coherent radiation with nearly transform-limited bandwidth is provided by pulsed amplification of single-mode cw radiation ͑see Fig. 2͒ . The probe-laser pulse at 326 nm and the excitation-laser pulse at 250 nm are provided by a pulsed dye amplifier ͑Quanta Ray PDA͒, seeded by the output of a single-mode cw dye laser ͑Coherent 699͒ operating at 652 nm. The amplifier is pumped by the frequency doubled radiation of an injection seeded pulsed Nd:YAG ͑yttrium aluminum garnet͒ laser ͑Quanta Ray GCR 4͒. The output of the pulsed dye amplifier is frequency doubled in a BBO crystal to yield radiation at 326 nm, which is mixed with the fundamental frequency of the Nd:YAG laser in a potassium dihydrogen phosphate crystal to obtain radiation at 250 nm with pulse energies up to a few hundred J and a pulse duration of 3.4 ns ͓FWHM ͑full width at half maximum͒ of the intensity͔. The residual radiation at 326 nm is used as the probe pulse ͑pulse duration 3.6 ns͒. The spectral bandwidth of the ultraviolet radiation is about ⌬ϭ140 MHz, which is very close to the transform limit ⌬ min ϭ130 MHz for laser pulses with the given width and a Gaussian temporal profile. A second pulsed dye amplifier, seeded by another cw dye laser system running at 606 nm with a modehop-free tuning range of 30 GHz, provides the dressing-laser pulse with pulse energies up to several mJ and a pulse duration of 5.5 ns. The dressing-laser pulse passes through an optical delay line before it is spatially overlapped with the probe-laser beam axis. The optical delays are adjusted such that the coincident probe and dressing-laser pulses are delayed by 5 ns with respect to the excitation-laser pulse. The laser beams are focused by quartz lenses onto the axis of the atomic beam. The beam diameters ͑FWHM of intensity͒ in the interaction region are 140 m for the probe and 310 m for the dressing laser. The probe laser is attenuated to intensities typically in FIG. 2 . The experimental setup showing the electron spectrometer and the laser system for the generation of pulses with nearly transform-limited bandwidth. Excitation of the 5p 5 6p͓1/2͔ 0 level in xenon from the ground state 5p 6 1 S 0 requires two photons at 250 nm. This wavelength is generated by frequency doubling and sum-frequency mixing of the output from a pulsed dye amplifier, seeded by a tunable single-mode cw laser system. The residual radiation at 326 nm is used for the probe process. The output of a second pulsed dye amplifier provides the dressing-laser pulse at 606 nm. After the dressing-laser pulse passes an optical delay line (D), the three laser beams are focused into the atomic jet. The photoelectrons generated by the probe laser are reflected by an electrostatic parabolic mirror and, after passing a time-of-flight segment ͑length lϭ1 m), detected on a micro-sphere-plate. The energy resolution of the setup was typically 150 meV.
FIG. 3. Time-of-flight spectra of the photoelectrons. ͑a͒ Electron signals from the fast electrons in the 2 P 3/2 channel generated by the various laser pulses. The voltage between the parabolic meshes is U p ϭϪ6.0 V. The acceleration voltage is U a ϭ3.6 V. The acceleration voltage is reduced such that the 1.89 eV electrons produced by two dressing photons can be resolved from the 1.61 eV electrons generated by the probe laser. ͑b͒ Slow ͑0.30 eV͒ electrons generated by the probe laser. The voltage between the parabolic meshes (U p ϭϪ0.5 V) is adjusted to maximize the electron signal. The acceleration voltage is U a ϭ3.6 V.
the range of a few 10 7 W/cm 2 in order to work in the weak probe-laser regime (⌫ p p Ӷ1, where ⌫ p is the ionization rate induced by the probe laser and p is its pulse duration͒, as well as to prevent saturation of the electron detection.
For measuring the shift of the spectral position of the LICS ͑described in Sec. V C͒ an additonal, independent laser system is used to produce the excitation pulse at 250 nm. The radiation of a multimode, pulsed dye laser ͑Lambda Physik, LPD 3000, operated with laser dye Coumarin 102 at 500 nm͒ pumped by an excimer laser ͑Lambda Physik, LPX 220͒ is frequency doubled in a BBO crystal to yield 15-ns pulses at 250 nm with energies of several hundred J. Figure 4 shows the variation of the signals generated by the fast and slow photoelectrons ͓ 2 P 3/2 continuum, frame ͑a͒, and 2 P 1/2 continuum, frame ͑b͒, respectively͔ when the frequency of the dressing laser is tuned across the two-photon resonance between the 5p 5 6 p͓1/2͔ 0 and the 5p 5 9p͓1/2͔ 0 states. The absolute value of the branching ratio cannot be deduced from these data because the energy-dependent transmission function of the spectrometer is not well known. The signal at large detuning from the LICS is normalized to 100% in both channels. Both channels reveal pronounced, spectrally narrow LICS profiles, where the photoelectron signal is reduced to about 50% as compared with the value for large detunings of the dressing-laser frequency from resonance. For higher dressing-laser intensity ͑see Fig. 5͒ an ionization suppression up to 80% is observed. The spectral width of the observed features increases accordingly. The line shapes of the LICS were fitted to Fano profiles ͓2,12,23͔ (x)ϭ 0 ϩA(xϪq) 2 /(x 2 ϩ1), where xϵD/(⌫/2). The dressing detuning D is defined such that it increases with dressing-laser frequency and the parameter ⌫ determines the width of the profile. The fit curves along with the parameters q and ⌫ are given in the figures. All profiles show pronounced suppression but almost no enhancement, which yields a Fano parameter close to qϭ0. At the given signalto-noise ratio a strict upper limit of qϽ0.5 applies. Figure   FIG. 4 . LICS in the two photoionization continua 2 P 1/2 and 2 P 3/2 of xenon. The signals related to the fast and slow photoelectrons as a function of the dressing detuning are shown. The dressing detuning is defined such that it increases with dressing laser frequency. The signals in both channels far away from the resonance are normalized to 100%. The solid lines are fits to the experimental data. Peak intensities are I p ϭ17 MW/cm 2 and I d ϭ380 MW/cm 2 . The shape of the LICS in the two channels is almost identical. ͑a͒ Photoelectrons of energy 1.61 eV in the 2 P 3/2 continuum. Besides the fit curve ͑solid line͒ we show profiles for qϭ0 ͑dashed line͒ and qϭ0.5 ͑dotted line͒ for comparison. ͑b͒ Photoelectrons of energy 0.30 eV in the 2 P 1/2 continuum. ͑c͒ Ratio RϭS( 2 P 3/2 )/S( 2 P 1/2 ) of the normalized electron signals from both continua. Fig. 4 , but with I p ϭ17 MW/cm 2 , I d ϭ680 MW/cm 2 . For higher dressing intensity a more pronounced ionization suppression is achieved. 4͑b͒ shows, besides the fit curve, profiles for qϭ0 and q ϭ0.5 for comparison. We confirmed experimentally that for the intensities applied here the probe-laser ionization is not saturated. Saturation would reduce any enhancement of the ionization rate and would thus mimic a Fano parameter close to zero. Therefore the Fano parameter is indeed qϷ0. This value of q shows that the Rabi frequencies related to the two-photon Raman couplings between the bound states are much smaller than the ionization rates. In most LICS experiments reported so far ͓5-7,10,11,14,15͔ LICS profiles with a Fano parameter of order of unity or larger were observed, except for Ref. ͓19͔, where the results indicate qϷ0.
IV. RESULTS AND DISCUSSION

FIG. 5. Same as in
The variation of the electron yields for ionization to the two continua with dressing-laser frequency is identical. Within the experimental accuracy the ratio of the electron signals in the two channels ͓see Fig. 4͑c͔͒ is independent of the detuning of the dressing laser. Therefore, control of the branching ratio by laser frequency tuning is not possible. Since this behavior was unexpected we carefully verified experimentally ͑see Sec. V͒ that the structures shown in Figs. 4 and 5 are not generated by processes other than LICS. The results presented in Sec. V show unambiguously that the observed structure is indeed LICS.
The reasons for the identical LICS in the two continua is currently investigated theoretically. A detailed quantitative analysis requires an accurate knowledge of the atomic parameters. The ionization amplitudes g i j (␣) in Eqs. ͑1͒ and ͑2͒ are determined by one-photon matrix elements between bound and continuum states. The coefficients C i (t) are solutions of a system of coupled differential equations, which contain the Fano parameter q ͓12͔ of the system and the dynamic Stark shifts. Both quantities are related to twophoton amplitudes involving a sum over bound-bound and bound-continuum matrix elements, the summation extending over all states of the atom. Therefore the bound and continuum wave functions of the system need to be calculated. In xenon this is a very difficult task.
One possible approach is the use of multichannel quantum defect theory ͑MQDT͒ ͓24͔, which is a well-known tool for the analysis of atomic spectra. It has been applied for calculating the atomic parameters of the rare gases ͓25͔, particularly the multiphoton ionization of xenon and krypton ͓26,27͔. For calculating the Fano parameter and the Stark shifts, which are determined by two-photon processes, an approach like the one in Ref. ͓27͔ could be used. In that work the polarizability tensor is approximated by limiting the summation to contributions from bound states only. However, a preliminary analysis revealed severe problems. It turned out that the contributions from Rydberg states do not decrease with increasing principal quantum number. This indicates that the contributions from autoionizing states and continuum states must be included in the summation, a task that is not simple in the MQDT formalism ͓27͔. Furthermore, the low-lying 5p 5 6 p͓1/2͔ 0 state cannot be well described by MQDT, i.e., the calculated ionization amplitudes g 1p (␣) will not be accurate. Thus, at present, accurate theoretical modeling of LICS in the coupling scheme implemented here is not completed yet. We hope that the reliable experimental data reported in this work will stimulate theoretical work towards overcoming the present limitations.
Here we identify the conditions under which the LICS in the two continua are expected to be identical. The ionization amplitudes g i j (␣) determine the line shapes in the individual continua. Our preliminary theoretical results indicate that only two out of the five continuum states, one from the 2 P 1/2 manifold and one from the 2 P 3/2 manifold, contribute to the LICS process. These are the continua ␣ϭ1 and ␣ϭ4 ͑marked by bold arrows in Fig. 1͒ . In this case an identical normalized line shape in the two ionization channels will occur if the ionization amplitudes for these two continuum states are proportional to each other, i.e., g 1p (4) ϭag 1p (1) and g 2d (4) ϭag 2d (1) , where a is a constant. We like to note, that the coefficients in Eqs. ͑1͒ and ͑2͒, FIG. 6 . ͑a͒ Dark resonance generated by dressing-laser-induced coupling between the 5p 5 6p͓1/2͔ 0 state and the 5p 5 12d͓1/2͔ 1 Rydberg state for a peak intensity I d ϭ47 MW/cm 2 and a pulse delay of 5 ns. The population in the 5p 5 6p͓1/2͔ 0 state is not completely suppressed because the dark resonance is generated in the wing of the temporal profile of the dressing pulse. The dark resonance was observed at a dressing frequency different from the spectral position of the LICS. The linewidth of the feature (Ϸ2 -3 GHz͒ is large compared to the observed LICS. This is due to saturation broadening effects on the strong, dressing laser driven one-photon resonance between bound atomic states, while LICS involves weaker, thus less broadened, bound-continuum couplings. ͑b͒ The coupling scheme.
and therefore the profile and modulation depth of the LICS depend strongly upon the polarization of the interacting laser pulses. The most obvious choice, as implemented in our experimental setup, is to have all laser pulses being linearly polarized parallel to each other. Indeed, we confirmed in the experiment that the LICS completely vanishes, if the polarizations of the probe and dressing laser pulse are perpendicular to each other.
V. EXPERIMENTAL VERIFICATION OF THE LICS
In this section we discuss other processes that could lead to a suppression of the ionization signal, such as trapped state formation by coupling of bound states or multiphoton ionization into channels that are not detected. We demonstrate experimentally that such processes are not responsible for the observed suppression of ionization.
A. Consequences of dark resonance formation
One of the mechanisms that could decrease the rate of excitation to the 5p 5 6p͓1/2͔ 0 state ͑and thus reduce the ionization yield͒ is the formation of a dark resonance due to coherent coupling between the 5p 5 6p͓1/2͔ 0 state and another bound state induced by the dressing-laser field ͑coher-ent population trapping ͓28,29͔͒. In this process, which is closely related to electromagnetically induced transparency ͓30,31͔, the populated initial state ͑state 1͒ is coupled to an excited intermediate state ͑state 2͒ by a weak excitation-laser field ͑usually named ''probe laser'' in the literature; here we use the term ''excitation laser'' in order to avoid confusion with the probe laser in the LICS experiment͒. The intermediate state is coupled to another bound state ͑state 3͒ by a strong dressing-laser field. Without the dressing laser the intermediate state is populated by the excitation laser. The transfer of population from the initial to the intermediate state is inhibited when the dressing laser is switched on and its frequency is tuned to resonance with the transition between states 2 and 3 ͓28,29͔. We have verified, as shown below, that the dressing laser ͑which couples the 5 p 5 9 p͓1/2͔ 0 state to the continuum͒ does not induce additional couplings to bound states, which prevent the population of the 5 p 5 6 p͓1/2͔ 0 state by coherent population trapping.
Consequences of dark resonances induced by one-photon coupling to Rydberg states
In the coupling scheme shown in Fig. 1 the dressing laser may couple the 5p 5 6 p͓1/2͔ 0 state to ns/nd Rydberg states with nϾ10. The corresponding dark resonances, which are most pronounced for coincident excitation and dressing-laser pulses, were observed and analyzed in detail in Ref. ͓29͔ . For the pulse sequence used in the LICS experiment, where the dressing laser is delayed by 5 ns with respect to the excitation pulse, the pulses only partially overlap in time. Even with only partial overlap a reduction of the ion yield is still observable. In Fig. 6 we show the dark resonance whose spectral position is closest to the expected frequency for the LICS. It is generated by coupling the 5p 5 6 p͓1/2͔ 0 level to the 5p 5 12d͓1/2͔ 1 Rydberg state. This dark resonance was observed at a dressing wavelength d ϭ606.1590 nm. In the same experimental configuration the LICS was observed at d ϭ606.1080 nm with an uncertainty of Ϯ0.0002 nm. Therefore, a dark resonance induced by coupling to Rydberg states is not the cause for the structures shown in Figs. 4 and 5. FIG. 7 . Exclusion of a dark resonance in the excitation of the 5p 5 6p͓1/2͔ 0 state by dressing-laser-induced one-photon or multiphoton coupling to some bound state ͉n͘. ͑a͒ LICS in the probe-laser-induced electron signal. ͑b͒ The electron signal induced by the excitation laser, which monitors the population in the 5p 5 6p͓1/2͔ 0 state, does not show a minimum at the spectral position of the LICS. ͑c͒ The coupling scheme.
Exclusion of dark resonances induced by one-photon or multiphoton coupling to other bound states
We also verified that the structures are not caused by a dark resonance induced by one-photon or multiphoton coupling to any other bound state. The population in the 5p 5 6p͓1/2͔ 0 state was monitored while tuning the dressing frequency across the spectral position of the LICS. Figure  7͑a͒ shows, as expected, the LICS in the electron signal ͑1.61 eV͒ generated by the probe laser. The electron signal generated by the excitation laser ͑2.77 eV͒ ͓see Fig. 7͑b͔͒ is a measure of the population in the 5p 5 6p͓1/2͔ 0 state. Any dark resonance formation due to the coupling of the 5 p 5 6 p͓1/2͔ 0 state to another bound level by the dressing laser would reduce the excitation of the 5p 5 6 p͓1/2͔ 0 level from the bound state and thus reduce the electron yield at 2.77 eV. This signal does not show a minimum at the spectral position of the LICS.
Furthermore, a dressing-laser-induced dark resonance in the excitation of the 5p 5 6 p͓1/2͔ 0 state can only occur when the excitation and dressing pulses overlap at least partially in time. Figure 8 displays the electron signal ͑1.61 eV͒ for a pulse delay of 40 ns. Although the excitation pulse ͑15 ns͒ and the dressing pulse ͑5.5 ns͒ do not overlap in time, and thus the two lasers cannot lead to a dark resonance, the LICS is observed. Therefore a dark resonance does not cause the ionization suppression displayed in Figs. 4 and 5. B. Consequences of a depletion of the 5p 5 6p †1Õ2 ‡ 0 state by resonant two-photon ionization induced by the dressing laser
The 5p 5 6 p͓1/2͔ 0 state may also be ionized by nonresonant two-photon ionization induced by the dressing laser. This means that the dressing laser and the probe laser compete for the population in the 5p 5 6 p͓1/2͔ 0 state; an efficient multiphoton ionization by the dressing laser will reduce the electron signals at 1.61 eV and 0.30 eV induced by the probe laser. The ionization by the dressing laser may be resonantly enhanced when the dressing frequency is tuned to the onephoton resonance between the 5p 5 6 p͓1/2͔ 0 state and another bound state ͉n͘ ͓see Fig. 9͑c͔͒ . The enhanced ionization would cause a more pronounced depletion of the 5 p 5 6 p͓1/2͔ 0 state and therefore a decrease in the probelaser-induced electron signal. We verified that this effect is not responsible for the structures in Figs. 4 and 5. The electron signal ͑1.89 eV͒ induced by the dressing laser was monitored ͓see Fig. 9͑b͔͒ while tuning the dressing fre- FIG. 8 . Exclusion of a dark resonance in the excitation of the 5p 5 6p͓1/2͔ 0 state by dressing-laser-induced one-photon or multiphoton coupling to some bound state ͉n͘. The LICS was still observed for a pulse delay of 40 ns, where excitation pulse ͑15 ns͒ and dressing pulse ͑5.5 ns͒ were completely separated in time. In this experiment the excitation pulse was generated by the excimerpumped dye laser ͑see Sec. III B͒.
FIG. 9. Exclusion of a resonant enhancement in the dressing-laser-induced two-photon ionization of the 5p 5 6p͓1/2͔ 0 state. ͑a͒ LICS in the probe-laser-induced electron signal. ͑b͒ The dressing-laser-induced electron signal is not enhanced when the dressing frequency is tuned across the spectral position of the LICS. ͑c͒ The coupling scheme. quency across the spectral position of the LICS. The signal at 1.89 eV does not show an enhancement at the dressing frequency where the LICS in the probe-laser-induced electron signal ͑1.61 eV͒ ͓see Fig. 9͑a͔͒ is observed.
C. Shift of the spectral position of the LICS
As a final test we examined the variation of the spectral position of the LICS with the probe-laser frequency. In the experimental setup shown in Fig. 2 an independent variation of the probe-laser frequency is not possible because the probe radiation at 326 nm and the excitation radiation at 250 nm are generated from the fundamental at 652 nm by nonlinear frequency mixing. A variation of the probe frequency requires the tuning of the fundamental frequency, which changes the frequency of the excitation laser. The maximum probe-laser detuning is limited by the linewidth of the 5 p 6 1 S 0 →5p 5 6 p͓1/2͔ 0 transition. Wider tunability for the probe frequency is achieved by generating the excitation pulse at 250 nm in an independent laser system as described in the last paragraph of Sec. III B. The signal-to-noise ratio is reduced in this configuration due to larger pulse-to-pulse fluctuations of the pulse energy of the excitation laser and the delay between the excitation-and probe-laser pulses.
It is an experimental signature expected for LICS, which is generated by a two-photon process, that the dressing-laser frequency at which the two-photon resonance occurs varies linearly with the probe-laser frequency ͑see the coupling scheme in Fig. 1͒ . If, however, the structure were caused by one of the effects discussed in Secs. V A and V B it would occur at a fixed dressing-laser frequency independent of the frequency of the probe laser. Figure 10 shows indeed that the dressing frequency at which the LICS is observed varies linearly with the probe-laser frequency.
VI. CONCLUSION
We observed pronounced, spectrally narrow LICS in both photoionization channels of xenon. A suppression of the electron signal up to 80% was achieved. The line shape of the signal yields a Fano parameter of qϽ0.5. Attempts to reproduce the experimental data by a calculation based on MQDT failed. The results of calculations of two-photon matrix elements do not converge when an increasing number of intermediate Rydberg states is included in the summation. Therefore inclusion of autoionizing and continuum states in the calculation seems necessary. However, the theoretical framework has not yet been developed. In a series of experiments we verified that the observed structures are indeed LICS. No enhancement was observed, which indicates weak Raman-type coupling as compared to the ionization rates. Although the LICS is well pronounced for both continua, control of the branching ratio for ionization into the two continua by dressing-laser detuning is not possible since in this coupling scheme the LICS is identical for both continua. 
